Abstract Sound localization requires comparison between the inputs to the left and right ears. One important aspect of this comparison is the differences in arrival time to each side, also called interaural time difference (ITD). A prevalent model of ITD detection, consisting of delay lines and coincidence-detector neurons, was proposed by Jeffress (J Comp Physiol Psychol 41:35-39, 1948). As an extension of the Jeffress model, the process of detecting and encoding ITD has been compared to an effective cross-correlation between the input signals to the two ears. Because the cochlea performs a spectrotemporal decomposition of the input signal, this cross-correlation takes place over narrow frequency bands. Since the cochlear tonotopy is arranged in series, sounds of different frequencies will trigger neural activity with different temporal delays. Thus, the matching of the frequency tuning of the left and right inputs to the cross-correlator units becomes a 'timing' issue. These properties of auditory transduction gave theoretical support to an alternative model of ITD-detection based on a bilateral mismatch in frequency tuning, called the 'stereausis' model. Here we first review the current literature on the owl's nucleus laminaris, the equivalent to the medial superior olive of mammals, which is the site where ITD is detected. Subsequently, we use reverse correlation analysis and stimulation with uncorrelated sounds to extract the effective monaural inputs to the cross-correlator neurons. We show that when the left and right inputs to the cross-correlators are defined in this manner, the computation performed by coincidence-detector neurons satisfies conditions of cross-correlation theory. We also show that the spectra of left and right inputs are matched, which is consistent with predictions made by the classic model put forth by Jeffress.
Introduction
Both mammals and birds use interaural time difference (ITD) as a cue to determine the horizontal position of a sound source in space (Heffner and Heffner 1992; Moiseff 1989) . The process of detecting ITD has been modeled as a system implemented by coincidence-detector neurons and axonal delay lines (Jeffress 1948) . Coincidence detectors respond when impulses from the left and right sides arrive at the same time. Systematic variation in the neural delays produces a topographic representation of ITD that covers the range of ITD normally experienced by the animal. ITD is signalled by the preferred delay of the neurons with the maximum firing rate. Sixty years later, the discussion about whether or not the Jeffress model applies to how ITD is detected and encoded is still vibrant (Joris and Yin 2007) . The main reason for this endurance has been the difficulty in collecting unequivocal and conclusive datasets. Due to the technical challenge in recording these neurons, very few early studies were able to measure response properties of coincidence detector neurons (Goldberg and Brown 1969; Yin and Chan 1990; Carr and Konishi 1990; Spitzer and Semple 1995) . To make things When the range of ITDs presented is expanded, a more complex structure becomes evident. Whereas the response is periodic for tonal stimulation (thin line), the amplitude of the peaks decays in response to a broadband sound as a result of the bandpass filtering of signals in the cochlea (bold line). However, for the physiological range of ±250 µs (Keller et al. 1998; Poganiatz et al. 2001; von Campenhausen and Wagner 2006 ) the responses to tones and broadband signals can be practically indistinguishable (gray area). This becomes significant at higher frequencies, when peaks of similar amplitude occur in the physiological range. Tonal stimulation: 4 kHz (top), 5.1 kHz (bottom) even more complicated, recent data appear inconsistent with early studies (McAlpine et al. 2001; Brand et al. 2002) . A large dataset on the owl's ITD detection system has been collected using multiple techniques (Sullivan and Konishi 1986; Konishi 1988, 1990; Peña et al. 1996; Peña et al. 2001; Christianson and Peña 2007; Fischer et al. 2008) . Below, we first review this evidence, which is consistent with the Jeffress model. We then use reverse correlation to test an alternative model to Jeffress', the 'Cochlear-delays' theory (Schroeder 1977; Shamma et al. 1989) , which requires that the binaural inputs to coincidence detector neurons show a systematic mismatch in frequency selectivity. Our results are inconsistent with the cochear-delays model.
Evidence for delay lines and coincidence detectors in the owl
In the owl's nucleus laminaris (NL), phase locked impulses from each side of the brain are conveyed by myelinated axons of relatively low-conduction velocity. The delays from one and the other side vary dorso-ventrally in opposite directions. Such arrangement was demonstrated by Carr and Konishi (1990) using sharp glass electrodes to obtain quasi-intracellular recording of the axonal projections from the cochlear nuclei of both sides into NL. The left versus right delay differences found fell within a range that appears to overlap with the ITDs that the owl's interaural distance can generate (Carr and Konishi 1990) . Carr and Konishi (1990) also showed, for the first time, that NL neurons respond maximally when the conduction time from each side exactly balances the difference in the arrival time of the sound to each ear, which is the ITD. Given their position in the nucleus, NL neurons should thus be tuned to a place-dependent ITD. Although early studies showed an ordered sequence of ITD tuning of field potentials (Sullivan and Konishi 1986) and neural delays (Carr and Konishi 1990) in the dorso-ventral axis of NL, it remained to be shown that the tuning of actual neurons reflected such topography. This is especially important in a region where field potentials can easily be confused with single units. The confirmation of this came when it was possible to record NL neurons sequentially, along a single electrode tract (Peña et al. 2001) . These studies used patch clamp electrodes to record the elusive NL neurons. By applying suction through the electrodes, a significant improvement in recording isolation was achieved and units could be held for longer periods of time (Peña et al. 1996) . This technique, later called 'loose patch', made the recording of NL neurons more likely and stable in a single path. Consistent with Carr and Konishi (1990) , the ITD tuning of individual neurons recorded using the loose patch could be predicted by differences in the length of the ipsilateral and contralateral delay lines (Peña et al. 2001) , i.e., a map of ITD appears to exist along the penetration plane of the neural delay lines. A topographic arrangement of ITD tuning has also been found in avian species that detect ITD in a frequency range similar to mammals (Köppl and Carr 2008) . Recently, Wagner et al. (2007) conclusively showed that the ITD tuning of downstream neurons uniformly spreads over the owl's physiological range. These data are consistent with the Jeffress model of detecting and encoding ITDs.
Coincidence detectors perform cross-correlation
When the acoustic signal is periodic, the response of an NL neuron as a function of ITD is naturally periodic. However, broadband signals elicit nonperiodic rate-ITD curves. Depending on the frequency, rate-ITD curves in NL may present more than one peak within the physiological range ( Fig. 1 ). This type of behavior, observed not only in NL neurons but also in the mammalian superior olivary complex (Goldberg and Brown 1969; Yin and Chan 1990) , resembles a running cross-correlation. Although it has been demonstrated that a running cross-correlation can be derived from coincidence detection (Licklider 1959) , how much of a crosscorrelation this process is has been a matter of debate (Yin et al. 1987; Yin and Chan 1990; Batra and Yin 2004 Fischer et al. (2008) patch' technique permitted us to address the topic of crosscorrelation more formally; experiments could explore the relationship between the spectral composition of the input and the output using broadband signals. Specifically, the Cross-Correlation theorem could be tested in NL neurons. Reverse correlation analysis was used to test the hypothesis that coincidence detector neurons perform cross-correlation. The loose-patch technique yielded the quality and stability of recording necessary for reverse correlation. The recording isolation was controlled by visual inspection of the spikes and by a continuous monitoring of the inter-spike intervals histogram (Fig. 2) . Reverse correlation is very often used in sensory physiology to determine the stimulus selectivity of a neuron (de Boer and de Jongh 1978) . By stimulating with white noise and averaging the stimulus signal that precedes thousands of spikes, it is possible to extract the components of the white noise that are most often temporally related to the occurrence of spikes. Reverse correlation of NL neurons shows that 2-3 ms before the spikes, frequencies within a narrow band were present in the sound (Christianson and Peña 2007) . The unusual phase-locking ability of the owl's auditory neurons (Köppl 1997 ) produced robust and coherent spike-triggered averages (STA) at high frequencies (Fig. 3a) . The spectral analysis of the STAs showed the portion of the acoustic signal that passes the cochlear and neural filters and drives the responses of NL neurons (Fig. 3b) . The STA was the estimate of the input used to investigate if the Cross-Correlation theorem applied in NL neurons. To simplify the analysis, it was assumed that the left and right monaural input signals were identical and could be captured by the binaural STA. This assumption was supported by the similarity of monaural iso-intensity frequency response curves of NL neurons (Peña et al. 2001) . These data were used to test the prediction of a special case of the Cross-Correlation theorem, the Wiener Khinchin theorem, that the power spectrum of the ITD curve is equal to the square of the power spectrum of the binaural STA.
The response of a coincidence detector neuron to broadband noise is quasi-periodic, but the amplitude of the response decays as the ITD becomes large (Fig. 1 ). Whether this decay was determined entirely by the spectral properties of the input or by nonlinearities that were added to the processing was the question that initially drove this research. If the neurons were performing a cross-correlation, the spectral analysis of the rate-ITD curve should yield the same band as the spectrum of the STA squared. The study showed that they overlap rather well (Fischer et al. 2008; Fig. 4) . Thus, the WienerKhinchin theorem appears to apply in NL neurons and the processing behaves as linear in the frequency domain, much like cross-correlation. Further, studies of reverse correlation using uncorrelated sound permitted estimation of the effective monaural inputs and how they interact to produce the neural response (Fischer et al. 2008) . Not only did these results reveal that the binaural interaction is consistent with cross-correlation but they also shed light on an important property of ITD detection in NL. They indicated that an unrectified representation of the effective monaural stimulus is reconstructed in the membrane potential, a prediction made by recent models of the owl's NL (Ashida et al. 2007 ). Lastly, this work contributed a means to approach coincidence detector neurons in species where inhibition appears to have a role in ITD detection (Brand et al. 2002) ; if the inhibitory input distorts the shape of the ITD curves, the Wiener-Khinchin relationship could no longer apply to the response of these neurons.
1.3 Binaural frequency matching Fischer et al. (2008) assumed that the spectrum of the ipsilateral and contralateral inputs to NL neurons were identical. Whether or not this is true has implications not only for the cross-correlation model but also on how ITD is detected. The 'cochlear-delays' theory proposes the existence of interaural disparities in the cochlear loci from which coincidence detectors receive left and right inputs (Schroeder 1977; Shamma et al. 1989) . Shamma et al. (1989) suggested that the differences in wave propagation along the cochlea could provide the delays necessary for coincidence detection, if the coincidence detectors receive input from fibers innervating different loci on the left and right basilar membranes. The propagation time of the traveling wave along the basilar membrane causes sites near the oval window (high-characteristic frequency) to respond first and regions further away to respond at later times (von Bekesy 1960). Since cochlear loci translate into frequencies, each coincidence detector in the cochlear-delays model receives left and right inputs from different frequency channels. These spectral disparities determine the ITD to which the coincidence detectors are tuned. If this theory were valid, the ITD tuning of coincidence detectors should be correlated with the magnitude of mismatches in frequency tuning between the two sides. For example, coincidence detectors that receive inputs from left and right auditory neurons tuned to the same frequency would be selective for ITD = 0, because their propagation delays are the same for the two sides. On the other hand, a coincidence detector tuned to a lower frequency on the left side should be tuned to sound with an ITD such that the left ear leads the right ear by the amount of time it takes the cochlear travelling wave to move from the cochlear site that is most sensitive to the frequency on the right to the site of the frequency on the left. Information about the frequency and ITD selectivity of the coincidence detectors is necessary to test this hypothesis. There are reports of unpublished observations in mammals suggesting that there exists some degree of frequency convergence in the cat's inferior colliculus (Yin and Kuwada 1983) and indirect evidence that this could also be the case in neurons of the superior olivary complex (Crow et al. 1978) . Also, theory predicts that if neurons received frequency-mismatched input from the cochlea, then the distribution of best ITDs observed in mammals could be accounted for (Joris et al. 2006) . The owl's nucleus laminaris is particularly useful to address the issue of binaural frequency matching because NL neurons perform coincidence detection in a much higher frequency range than neurons of the chicken's nucleus laminaris or the mammalian medial nucleus of the superior olive. Since cochlear delays show smaller changes per Hz at higher frequencies (Köppl 1997; Fig. 5) , larger frequency mismatches are necessary at higher frequencies to measure the same ITD (Shamma et al. 1989) . Previous reports showed little interaural disparities in frequency tuning in NL (Peña et al. 2001) . Additionally, those neurons with interaural disparities in frequency tuning did not show correlation between their best ITDs and frequency mismatches. However, iso-intensity frequency response curves are a poor estimate of the spectral selectivity of neurons when presented with broadband sound (Spezio and Takahashi 2003; Fischer et al. 2008) . We therefore used reverse correlation to study the bilateral tuning of coincidence detectors. Using uncorrelated sound, we were able to extract the spectrotemporal tuning of the input to auditory coincidence detectors that come from each side. We show here a match in the bilateral frequency tuning that contradicts the prediction of cochlear-delays models.
Methods
Methods for surgery, stimulus delivery, and electrophysiology have been described previously (Fischer et al. 2008 ).
Data collection
Previous work (Carr and Konishi 1990; Fischer et al. 2008) , and the lack of evidence of phase-locked inhibition in the avian NL (Yang et al. 1999) suggest that, in the owl, the characteristic delay (CD; Rose et al. 1966) should fall at or near peaks of the rate-ITD function. Therefore, for the sake of consistency between neurons we used tonal ITD-rate functions to estimate a frequency-independent ITD, as described in Peña et al. (2001) . This method will reliably produce the CD when the CD falls at a peak (Yin and Kuwada 1984) , and we refer to this ITD as the estimated CD.
Data for monaural reverse correlation were obtained by presenting binaurally uncorrelated 100 ms band-limited Gaussian white noise (0.5-12,000 kHz) signals over headphones; stimuli were presented with an inter-stimulus interval of 500 ms. For each stimulus presentation, the signals were synthesized de novo to avoid correlation artifacts.
Analysis
The window of the reverse correlation (i.e., the amount of stimulus preceding each spike that was considered in the analysis) was 15 ms; manual examination indicated that none of the neurons in our population had a response function whose temporal extent exceeded that limit. To ensure that segments of the inter-stimulus interval and the rise period of the stimulus were not included in the reverse Fig. 5 Cochlear delays. Estimates were computed from frequencydependent latencies of primary auditory fibers of barn owls (reported for group delays in Köppl (1997) , in conjunction with the cochlear model of Carney and Yin (1988) . a The cochlear delay changes as a function of BF (indicated for each plot). Note that the change in delay is smaller for higher frequencies. b Prediction of how best ITD must change as a function of frequency mismatch and BF using frequency-dependent latencies of primary auditory fibers for the owl (Köppl 1997) . BF was changed in steps of 0.5 kHz and is indicated for the lower (3 kHz) and upper (8.5 kHz) limits. Modified from Peña et al. (2001) correlation analysis (or, in other words, to guarantee that the reverse correlation was done on a signal with stationary statistics), spikes that occurred in the 20 ms immediately following stimulus onset were excluded; this exclusion was also sufficient to guarantee that the onset transient was excluded and that the neuron had reached a stable firing rate, and we encountered no neurons that had onset-only responses. After this exclusion, a large number of spikes remained for consideration (average number of spikes used in the reverse correlation analysis per neuron: 9, 907 ± 3, 214).
By estimating the effective monaural inputs using binaurally uncorrelated stimuli, rather than with monaural stimulation, we avoid any possible confound arising from leaving the unstimulated side in an undefined state of spontaneous firing. This approach ensures that the stimulus is uncorrelated across both time and input channels. The coincidence detector model predicts that the resulting spike train contains spikes that can be grouped into one of three categories: those resulting from coincidences between spikes from the left-side monaural input population, those elicited by coincidences in the right-side monaural input population, and those arising from coincidences between the two channels. In a spike-triggered average of the left-side stimulus, only the first category of spikes will contribute in a consistent manner; all other spikes are uncorrelated with the left-side stimulus by construction, and will be eliminated by the averaging process.
We tested the prediction of the Cross-Correlation theorem by comparing the power spectral density (PSD) of the ITD response curve and the product of the PSDs of the monaural STAs (see supplementary materials, Fischer et al. 2008) . We compared the locations of the peaks in the PSDs using the center frequency of the 10 dB bandwidth. Power spectral density was estimated with the MATLAB implementation of Thomson's multi-taper method. The reverse correlation was done with a 15 ms window at a sampling rate of 48,077 Hz, while the ITD curve was sampled with 30 ms resolution over a range of no more than 4.8 ms. To remove the effects due to the differences in sampling rate and temporal extent, the reverse correlation data was down-sampled to the sampling rate of the ITD curve, and then a time window matching that of the ITD curve was chosen about the maximum absolute value of the STA.
Results
Reverse correlation analysis showed that the monaural inputs to the auditory coincidence detectors have well matched frequency selectivity (Figs. 6, 7) . We computed monaural STAs for eight neurons using responses to binaurally uncorrelated stimuli. The size of the sample is due to difficulty in collecting these data, which included estimating the characteristic delay, measuring the iso-intensity frequency-response, measuring ITD tuning for a long range of ITDs, and collecting data for reverse correlation with correlated and uncorrelated sound stimulation. Although we could perform these recordings only in a small subset of neurons, the trend seems clear. The center frequency (CF) of the power spectral density (PSD) of the monaural STAs on the left and right sides were highly correlated (regression 0.97x ± 0.14 kHz; r 2 = (Fig. 6a) . The difference between the left and right CFs was in the range −87-121 Hz for the eight neurons. The range of differences between the left and right CFs fell within the range computed for monaural iso-intensity frequency-response curves (−514-188.2 Hz) in a previous study (Peña et al. 2001) . We also found correlation between the left and right 5 dB-bandwidths of the PSDs of the monaural STAs (regression 0.67x + 0.30 kHz; r 2 = 0.74; Fig. 6b) .
The difference between the left and right CFs was not correlated with the preferred ITD of the coincidence detector. An essential prediction of models that use cochlear delays to explain ITD tuning is that neurons with identical frequency tuning should have characteristic delays (CD) near zero (Shamma et al. 1989) . Even though the sample is small, it is possible to see that neurons with a nearly perfect match of bilateral frequency tuning show CDs that are different from 0 and vice versa (Fig. 6c) . Specifically, Fig. 7 shows two examples of neurons with CDs of 40 µs, right ear leading the left one. The CF of the PSD of the binaural STA of the neuron on the top is 5.3 kHz. According to the cochlear delay theory (Schroeder 1977; Shamma et al. 1989 ) and previous measurements of cochlear delays in barn owls (Köppl 1997) , this neuron should show a mismatch of around 990 Hz with the right side being lower than the left side (Peña et al. 2001) . However, the CF on the right side is only 51.5 Hz lower than the CF on the left side. Similarly, the CD of the neuron at the bottom of Fig. 7 is 40 µs, right side leading, but a center frequency of 3.8 kHz. The cochlear delays theory would predict a mismatch of 758 Hz, right side lower. However, the left side is 11.1 Hz lower than the right.
We tested the prediction of the Cross-Correlation theorem that the power spectrum of the ITD response curve is equal to the product of the power spectra of the effective monaural stimuli. This is a generalization of our previous test of the Wiener Khinchin theorem where we showed that the power spectrum of the ITD response curve is well described by the square of the power spectrum of the binaural STA (Fischer et al. 2008) . By using binaural STAs, Fischer et al. (2008) made the implicit assumption that left and right inputs were identical and that therefore the cross-correlation could be treated as an autocorrelation. In this paper we go further to show that when left and right filters are specified, crosscorrelation applies. Using the monaural spike triggered averages as the effective monaural stimuli we find that the power spectrum of the ITD response curve is consistent with the product of the power spectra of the monaural STAs (Fig. 8) , as predicted by the Cross-Correlation theorem. Furthermore, the product of the power spectra of the monaural STAs is consistent with the square of the power spectrum of the binaural STA (Fig. 8a, b) , thus confirming our previous assumption of binaural frequency matching. While the product of the power spectra of the monaural STAs and the square of the power spectrum of the binaural STA were very similar, the product of the power spectra of the monaural STAs better matched the power spectrum of the ITD response curve than did the square of the power spectrum of the binaural STA; the root-mean-square (RMS) difference between the log-PSD of the ITD curve and the log of the product of the PSDs of the monaural STAs was smaller than the RMS difference between the log-PSD of the ITD curve and the log of the squared PSD of the binaural STA for all but one neuron (median 2.0 dB/Hz smaller in the monaural condition dB/Hz, interquartile range 2.3 dB/Hz). The CFs of the PSD of the ITD response curve and the product of the power spectra of the monaural STAs were highly correlated (regression 1.06x-229.36 Hz, n = 8; r 2 = 0.98) (Fig. 8c, squares) . As shown previously for a larger population (Fischer et al. 2008) , the CFs of the PSD of the ITD response curve and the square of the PSD of the binaural STA were also highly correlated (regression 1.02x-27.87 Hz, n = 8; r 2 = 0.99) (Fig. 8c, circles) . The 10 dB bandwidths of the ITD response curve and the product of the power spectra of the monaural STAs were highly correlated (regression 1.03x-108.61 Hz, n = 8; r 2 = 0.84) (Fig. 8d, squares) . Consistent with our previous report (Fischer et al. 2008) , the 10 dB bandwidth of the ITD response curve and the 5 dB bandwidth of the binaural STA were also highly correlated (regression 1.34x-211.20 Hz, n = 8; r 2 = 0.90) (Fig. 8d, circles) . Note that for both monaural and binaural cases, the reverse correlation data was down-sampled to account for the fact that the ITD response curve was sampled at much lower resolution than the reverse correlation data (see Sect. 2; Fischer et al. 2008) . Thus, within our experimental resolution, the Cross-Correlation theorem applies to coincidence detection in NL.
Discussion
The bilateral frequency tuning of coincidence detector units is a critical issue in sound localization. It is not only relevant Fig. 8 Testing the Cross Correlation theorem using monaural STAs. a, b Two examples showing that the power spectrum of the ITD response curve (dashed lines) is consistent with both the product of the power spectra of the effective monaural stimuli (dotted lines) and the square of the power spectrum of the effective binaural stimulus (solid line). c The center frequencies (CF) of the PSD of the ITD curves were highly correlated with the CFs of the product of the power spectra of the monaural STAs (squares), as well as with the CFs of the squared power spectra of the binaural STAs (circles). d Similarly, the 10 dB bandwidth of the ITD response curves were well correlated with the product of the power spectra of the monaural (squares) and the squared power spectra of the binaural (circles) STAs. Linear regressions for each dataset are shown in c and d for how ITD is detected, but also for how information from both ears is combined and conveyed to higher order centers.
One important aspect of the bilateral frequency tuning is its implications on the cross-correlation process that takes place in NL neurons. A running cross-correlation was derived for coincidence detectors by Licklider (1959) and has later been used in several models of sound localization (Sayers and Cherry 1957; Jeffress and Robinson 1962; Blauert and Cobben 1978; Stern et al. 1988; Saberi 1996) . Cross-correlation indicates the degree of similarity between the left and right input signals, which is useful for many aspects of spatial hearing. We have previously demonstrated that this process describes the response of NL neurons, to the extent that the Wiener Khinchin theorem can be shown to apply (Fischer et al. 2008 ). Here we show a high level of matching in the frequency tuning of monaural STAs. As expected, the more general Cross-Correlation theorem, which does not make the assumption of equality between both inputs, also applies to the response of NL neurons. Moreover, testing the Cross-Correlation theorem and the Wiener Khinchin theorem yield similar results. The reverse correlation data presented here indicates that the monaural input signals driving coincidence detectors are effectively identical, except for differences imposed by direction-dependent filtering.
In the cochlear-delays model, the equality of left and right inputs to a coincidence detector could still hold even if the cochlear loci of the left and right inputs differed. In principle, a sound of a given frequency may induce basilar membrane vibrations that spread into neighbouring regions of the cochlea. These regions would not be responding to a signal at their best frequency but could produce an output with essentially the same spectrum on the left and right sides though coming from different cochlear loci. A conflict arises, however, because in order to detect an ITD of 100 µs at a frequency range of 5 kHz, the inputs from both sides would have to stimulate areas of the cochlea with center frequencies in the range of 2 kHz away from each other. Such a mismatch is unlikely to drive the response in NL neurons, which exhibit mean iso-intensity frequency-response curve widths of 1.43 kHz (Peña et al. 2001) .
Several elements play against the likelihood of the cochlear-delays model being implemented in the owl's auditory system. Most NL neurons represent sound directions in the frontal and contralateral hemifield, i.e., neurons prefer ITDs in which sounds reach the contralateral ear synchronously or earlier than the ipsilateral ear. In the cochleardelays model, this would require that the frequency tuning of a coincidence detector be always the same or higher (a cochlear locus nearer to the base) on the ipsilateral side than on the contralateral side. Letting aside the developmental complexities that wiring up such network would bring about, the downstream processing would have to decode an ITD-dependent shift in frequency tuning from the coincidence detectors output, i.e., coincidence detectors that respond to more laterally located stimuli would be more broadly tuned to frequency. Also, the cochlear-delays model does not consider the effects of sound level on ITD detection. The timing of phase locked impulses changes with both sound level and frequency in nucleus magnocellularis and NL neurons (Sullivan and Konishi 1984; Viete et al. 1997) . Shifts in phase increase at a rate of 0.0021 µs/dB Hz − 1 as the stimulating frequency departs from the neuron's best frequency (BF; Viete et al. 1997) . The direction of phase shifts depends on the sign of frequency differences with respect to the neuron's BF. Thus, a frequency higher than BF in one ear and a frequency lower than BF in the other ear may result in a large shift in the neuron's best ITD. However, NL neurons do not change their best ITDs in response to variation in sound intensity when it is the same for the two sides (Peña et al. 1996) . Taken together, NL neurons do not behave as if cochlear-delays played a significant role in their processing.
In conclusion, reverse correlation analysis using binaurally uncorrelated stimuli supports the claim that binaural inputs to coincidence detectors in NL are matched for frequency selectivity. This provides further evidence that the computation of ITD in the owl is consistent with both the Jeffress model and its extension, the cross-correlation model.
